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The magnetic and electronic properties of Sr1−xLaxRuO3 were studied by means of dc-magnetization, ac-
susceptibility, specific heat, and electrical resistivity measurements. The dc-magnetization and ac-susceptibility mea-
surements have revealed that the transition temperature and the ordered moment of the ferromagnetic order are strongly
suppressed as La is substituted for Sr. The ac-susceptibility exhibits a peak at T ∗ due to the occurrence of spontaneous
spin polarization. Furthermore, we observed that T ∗ shows clear frequency variations for x ≥ 0.3. The magnitude of the
frequency shifts of T ∗ is comparable to that of cluster-glass systems, and the frequency dependence is well described in
terms of the Vogel-Fulcher law. On the other hand, it is found that the linear specific heat coefficient γ enhances with
the suppression of the ferromagnetic order. The relatively large γ values reflect the presence of the Ru 4d state at Fermi
level, and hence, the magnetism of this system is considered to be tightly coupled with the itinerant characteristics of
the Ru 4d electrons. The present experimental results and analyses suggest that the intrinsic coexistence of the spatially
inhomogeneous magnetic state and the itinerant nature of the Ru 4d electrons is realized in this system, and such a
feature may be commonly involved in La- and Ca-doped SrRuO3.
1. Introduction
Ruthenium-based oxides exhibit various types of interest-
ing properties, such as quantum criticality,1, 2) non-Fermi liq-
uid behavior,3) and unconventional superconductivity.4) These
properties originate from the Ru 4d orbitals, which are more
extended than the 3d orbitals in 3d transition metals and are
therefore expected to have an itinerant character. It is con-
sidered from observations of the above intriguing properties
that strong electronic correlation between the Ru 4d electrons
plays crucial roles in Ruthenium-based oxides.
SrRuO3 crystallizes into a distorted perovskite structure
and is a ferromagnet with a Curie temperature of about 160
K, whose ordered moment is about 1.1 µB.5, 6) Photoemission
experiments showed that the density of states at Fermi level
is dominated by the Ru 4d state and the overall distribution
of the Ru 4d and O 2p states are well reproduced by band
structure calculations.7–13) Itinerant Ru 4d states are thus con-
sidered to be responsible for the magnetic properties. It is also
argued that the development of the incoherent component in
the density of states reflects the electronic correlation effects.
In addition, optical studies revealed that the charge dynamics
of this system are significantly different from those expected
in usual Fermi liquid systems.14, 15) Another remarkable fea-
ture of this compound is “bad metal” behavior in transport
at high temperatures: the electrical resistivity continues to in-
crease with increasing temperature, even though the Boltz-
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mann mean free path becomes smaller than the lattice con-
stants, indicating that the itinerant quasi-particle description is
no longer available in the high temperature range.16, 17) These
experimental findings suggest that the magnetic and the trans-
port properties are strongly influenced by the correlation of
the Ru 4d electrons, and the Ru 4d states have a duality of
itinerant and localized natures.
In fact, the itinerant ferromagnetic (FM) state in SrRuO3
has an instability toward electron localization because of the
effect of a strong electronic correlation. Such electron lo-
calization can be found in the Ru site-substituted system
SrRu1−xMnxO3, where doping Mn suppresses the itinerant
FM state, and an insulating phase coexisting with a localized
antiferromagnetic order appears above the critical concentra-
tion xc = 0.39.18–21) Similar insulating phases have been re-
ported for several Ru site-substituted systems.22, 23)
Suppression of the ferromagnetism has also been found in
the Sr site-substituted system Sr1−xCaxRuO3.24–29) Substitut-
ing Ca for Sr increases the Ru-O-Ru bond angle and thereby
enhances the RuO6 octahedra rotation in the distorted per-
ovskite structure. This variation is expected to strongly affect
the electronic structure.30) Photoemission and x-ray absorp-
tion studies showed that Ca substitution enhances the elec-
tronic correlation, and induces intensity transfer from the co-
herent to incoherent parts in the photoemission spectrum.9, 11)
However, in contrast to SrRu1−xMnxO3, this system does not
show a transition to an insulating phase but keeps a metallic
character up to x = 1. A recent magnetization study has re-
vealed that the ferromagnetic-to-paramagnetic quantum phase
1
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transition driven by the substitution is totally destroyed by
the disorder, and the FM phase is extended to over a wide
x range.29) It is thus considered that both the electronic corre-
lation and disorder play an important role in this system.
Sr1−xLaxRuO3 also shows a suppression of ferromagnetism
generated by substituting La for Sr.31, 32) The La substitu-
tion also enhances the RuO6 octahedra rotation.32) In addi-
tion, the Ru-O distance increases with increasing x, suggest-
ing that doping La may enhance the role of the electronic
interaction through the suppression of the Ru-O hybridiza-
tion.32) Therefore, we expected that both the electronic cor-
relation and disorder play important roles in this compounds,
and it would be a subject of interest. In order to shed light
on this point, we have studied the magnetic and electronic
properties of Sr1−xLaxRuO3 by means of dc-magnetization,
ac-susceptibility, electrical resistivity, and specific heat mea-
surements. Recently, we reported preliminary investigations
of the magnetic and electronic properties.33) In the present
paper, we will show the detailed experimental results and dis-
cussion about the magnetic properties and the nature of the
Ru 4d electrons.
2. Experimental Details
The polycrystalline samples of Sr1−xLaxRuO3 for x ≤
0.5 were synthesized by the conventional solid-state reac-
tion method with starting materials of SrCO3, La(OH)3,
RuO2, and Ru. The powders of these materials with stoi-
chiometric compositions were mixed and calcined at 1000
◦C for 6 hours. After careful mixing of the calcined samples,
they were shaped into pellets and then sintered at 1000 ◦C
for 24-48 hours. X-ray diffraction measurements confirmed
that all samples crystallize in a distorted perovskite struc-
ture (the GaFeO3-type orthorhombic structure), without any
extrinsic phase within the experimental accuracy. However,
ac-susceptibility measurements for the La-doped sample re-
vealed a slight contamination of a FM impurity phase of pure
SrRuO3. We found that such an impurity component can be
reduced by iterating the above sinter process several times; for
the present experiment we used samples whose impurity com-
ponents were well reduced down to a few percent in volume.
The specific heat measurements were performed in the tem-
perature range of 3.2 K < T < 275 K by means of a thermal-
relaxation method. The ac-susceptibility was measured in the
temperature range of 4 K < T < 300 K with an applied ac-
field of ∼1 Oe using a standard Hartshorn bridge circuit. The
frequency of applied ac-field ranges from 7 Hz to 1520 Hz.
The dc-magnetization measurements were carried out using a
commercial SQUID magnetometer in the temperature range
of 5-300 K. The electrical resistivity measurements were per-
formed between 3 K and 300 K by the conventional four-
probe method.
3. Results
Figure 1(a) shows the temperature dependence of the dc-
magnetization of Sr1−xLaxRuO3 for x ≤ 0.5 measured under a
field of 5 kOe and field-cooled condition. The transition tem-
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Fig. 1. (Color online) (a) Temperature dependence of the dc-magnetization
for Sr1−xLaxRuO3. The inset shows the temperature dependence of the in-
verse susceptibility. The solid lines represent the best fits using the Curie-
Weiss law. (b) Temperature dependence of the in-phase component of the
ac-susceptibility measured at a frequency of 180 Hz. The inset displays the
enlargement for x = 0.5. (c) Onset of the FM order T ∗ estimated from the
peak in χ′ac, plotted as a function of the La concentration x.
perature and the ordered moment of the FM order are strongly
suppressed with increasing La concentration x. The sharp in-
crease in the magnetization at the FM ordering becomes broad
by doping La, which is presumably due to the effect of disor-
der generated by doping La. The inverse susceptibility is plot-
ted as a function of temperature in the inset of Fig. 1(a). At
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high temperatures, the susceptibility obeys the Curie-Weiss
law given by χ−1 = (T − Θ)/C, where C and Θ are the Curie
constant and the Curie-Weiss temperature, respectively. The
solid lines in the inset of Fig. 1(a) represent the best fits using
the Curie-Weiss law in the fitting range of T ≥ 200 K. Θ de-
creases with x, and then becomes slightly negative for x = 0.5,
indicating a suppression of the FM interaction. These results
are consistent with previous reports.31, 32)
We performed ac-susceptibility measurements in order to
investigate the x dependence of the ordering temperature.
The in-phase components of the ac-susceptibility χ′ac at a fre-
quency of 180 Hz for x ≤ 0.5 are shown in Fig. 1(b). χ′ac of
SrRuO3 exhibits a clear and sharp peak at the FM transition
temperature of 161 K. We here define T ∗ as the temperature
of the peak seen in the temperature variations of χ′ac. The T ∗
values and the magnitude of χ′ac at T ∗ are significantly sup-
pressed with increasing x. A development of a peak is also
observed in the out-phase component of ac-susceptibility χ′′ac.
For each La concentration, it is found that the peak-top tem-
perature is slightly lower than T ∗, and the magnitude of the
peak is approximately two order smaller than that seen in χ′ac.
However, we could not perform detailed analyses on the peak
in χ′′ac because of the very large difference of the peak heights
between χ′ac and χ′′ac as well as the smallness of the χ′′ac peak
itself.
We further observed that χ′ac for x ≥ 0.1 shows a small peak
at 161 K. This probably originates from the presence of a frag-
mentary phase of the pure SrRuO3. The sharpness of the peak
due to the fragmentary phase is always comparable to that
for pure SrRuO3, though their magnitude is highly reduced
and depends on the sample preparation process. In particular,
we found that the magnitude is effectively reduced by iterat-
ing the sinter process, while the characteristics of the peak at
T ∗ hardly depends on the sample preparation process. This
reflects that the fragmentary phase has a bulk property. The
FM ordering in this phase occurs at much higher temperature
than T ∗ in the La substitutions, and hence, it is expected that
the fragmental FM order becomes stable, and the dynamic
characteristics of the FM spins in this phase are strongly re-
duced below∼ T ∗. In addition, its volume fractions, estimated
from the peak heights, are only a few percent, and become
small as the La concentration is increased. Thus, it is not
likely that such a small fragmentary component significantly
affects the magnetic properties of the majority phase at low
temperatures. Figure 1(c) shows the x dependence of T ∗. T ∗
monotonously decreases with increasing x up to x = 0.3, and
becomes very small but never reaches zero for x ≤ 0.5.
χ′ac for x ≤ 0.2 still shows a relatively sharp peak at T ∗. On
the other hand, the peak width of χ′ac becomes significantly
broad for x ≥ 0.3, accompanying a reduction of the inten-
sity of χ′ac at T ∗. This implies that the occurrence of the peak
in χ′ac involves a glassy magnetic nature. We investigated the
frequency dependence of the ac-susceptibility in order to con-
firm this. The in-phase components of the ac-susceptibility for
x = 0.3 measured at various frequencies are plotted in Fig.
2(a). With increasing frequency ω, T ∗ moves to higher tem-
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Fig. 2. (Color online) (a) In-phase components of the ac-susceptibility
measured under ac-fields with various frequencies for x = 0.3. The inset
shows an enlargement around the peak temperatures T ∗. (b) Frequency vari-
ation of T ∗ plotted as T ∗ versus 100/ln(ω0/ω). The solid line is a fit using the
Vogel-Fulcher law.
peratures in connection with a decrease of the magnitude of
χ′ac at T ∗. We observed a similar frequency dependence of T ∗
for the χ′ac data of x ≥ 0.2. It is well known that T ∗ does not
shift with ω in such a low frequency range when a normal FM
order occurs, and the shift can usually be observed in the fre-
quency range of MHz to GHz.34) We here estimate the initial
frequency shift δ = ∆T ∗/(T ∗∆log10ω), by which one can com-
pare the frequency sensitivity of T ∗ in different systems. The
δ values evaluated for Sr1−xLaxRuO3 are shown in Fig. 3(a),
and relatively large δ values are obtained for x ≥ 0.3. The δ
values range from 0.040 (x = 0.3) to 0.084 (x = 0.5), which
are larger than those reported for the canonical spin-glass sys-
tems, e.g., δ ∼ 0.005 (CuMn) whereas are smaller than those
reported for non-interacting ideal superparamagnetic systems
(δ ∼ 0.1).34, 35) Instead, the δ values for 0.3 ≤ x ≤ 0.5 are com-
parable to those of cluster-glass systems, which are realized as
an ensemble of interacting magnetic clusters.
Since the cluster-glass behavior is suggested for x ≥ 0.3,
thermal activation processes of magnetic clusters are consid-
3
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Fig. 3. (Color online) La concentration dependence of (a) the initial fre-
quency shift δ, (b) the activation energy Ea, (c) the Vogel-Fulcher tempera-
ture T0, and the freezing temperature T ∗. Ea and T0 are derived by assuming
ω0/2pi to be 1012 Hz. The error bars for Ea and T0 correspond to the ω0/2pi
range from 1010 to 1013 Hz.
ered to be closely related to the frequency dependence of
χ′ac. In order to characterize the freezing process of the mag-
netic clusters, we analyze the T ∗ data using the Vogel-Fulcher
law34, 36, 37) given by
ω = ω0exp
(
−
Ea
kB(T ∗ − T0)
)
, (1)
where ω0 is the attempt frequency of the clusters, Ea is the
activation energy, and T0 is the Vogel-Fulcher temperature,
which is often considered to be a measure of the strength of
the intercluster interactions. For analyzing the data, it is useful
to rewrite Eq. (1) as
T ∗ = T0 +
Ea
kB
[ln(ω0
ω
)]−1. (2)
ω0/2pi is expected to have values ranging from 1010 to 1013 Hz
for the typical magnetic cluster systems, and we here fixed it
to be 1012 Hz for the present analysis.34) The best fit for x =
0.3 is shown in Fig. 2(b). The T ∗ data well obey the Vogel-
Fulcher law. The x dependence of Ea and T0 obtained by the
above analysis are plotted in Figs. 3(b) and 3(c), where the
vertical error bars correspond to the ω0/2pi range from 1010 to
1013 Hz. For a comparison, T ∗ is also shown in Fig. 3(c). The
Ea values, which represent the energy barrier of the cluster
flipping, hardly depend on x. In contrast, the reduction of T0
for 0.3 ≤ x ≤ 0.4 can be ascribed to a suppression of the inter-
cluster interaction. We thus consider that the decrease in T ∗
is mainly due to the suppression of the intercluster interaction
for x ≥ 0.3. The small T0 values observed for x = 0.4 and 0.5
seem to be connected with the fact that the frequency variation
of T ∗ roughly obeys the Arrehenius law predicted for the non-
interacting magnetic cluster systems, since the Vogel-Fulcher
law reduces to the Arrehennius law if T0 becomes zero. This
is consistent with the large δ values observed for x = 0.4 and
0.5, which are relatively close to those of superparamagnetic
systems. Here, one might suspect that the fragmentary FM
grains recognized by the χ′ac peak at 161 K affect the freezing
process of the cluster-glass phases. However, we emphasize
that T ∗ of the fragmentary FM grains does not show any mea-
surable frequency dependence in the ac-susceptibility. This
indicates that the dynamical properties of these FM grains
differ greatly from those seen in the majority cluster-glass
phases. Furthermore, the FM impurity grains are considered
to be static at ∼T ∗, since their ordering temperature (∼161 K)
is much higher than T ∗. These properties of the FM impurity
grains are clearly incompatible with the gradual freezing ex-
pected in the dynamical magnetic clusters. We thus consider
that these FM grains cannot be an origin of the cluster-glass
phases, and there is no coupling between them.
In Fig. 4(a), we present the temperature dependence of
the specific heat Cp of Sr1−xLaxRuO3. Cp of SrRuO3 shows
a clear jump attributed to the FM transition at 161 K. The
anomaly at T ∗ is strongly suppressed with doping La. A
shoulder-like anomaly appears at around T ∗ for x = 0.1, which
is indicated by an arrow in Fig. 4(a). On the other hand, the
anomaly at T ∗ becomes too small and broad to be observed for
x ≥ 0.2. This is probably caused by the disorder effect and the
small magnetic entropy associated with FM ordering, which
is much less than that expected for the localized Ru spins.16)
The inset of Fig. 4(a) displays the specific heat data at low
temperatures plotted as Cp/T versus T 2. We found that Cp/T
of Sr1−xLaxRuO3 shows a quadratic temperature dependence
at low temperatures for all the x range presently investigated.
This suggests that the low-temperature specific heat is mainly
ascribed to excitations of the Fermi-liquid quasiparticles and
phonon contributions. However, it should be remembered that
the development of the spin fluctuation and the FM clusters
may also contribute to Cp at ∼ T ∗ in the intermediate La con-
centrations, though there is no clear indication of the spin-
wave contribution (such as a T 3/2 function) being dominant
in Cp at low temperatures. In this context, these spin-entropy
contributions are expected to be suppressed and spread in
a wide temperature range in the intermediate La concentra-
tions, because present Cp/T shows no anomalous behavior
around T ∗ such as a non-Fermi-liquid divergence or a peak
structure. Thus, we simply fitted the Cp/T data below 10 K
with a γ + βT 2 function. The obtained γ values are shown in
Fig. 4(b). For a comparison, the x dependence of T ∗ is also
4
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Fig. 4. (Color online) (a) Temperature dependence of the specific heat for
Sr1−xLaxRuO3 . The baselines of the data for x ≥ 0.1 are transformed for
clarity. The arrow indicates the position of T ∗ for x = 0.1. The specific heat
data at low temperatures plotted as Cp/T vs T 2 are shown in the inset, and
the solid lines in the inset are fits using a γ + βT 2 function in the fitting
range of T ≤ 10 K. (b) La concentration dependence of the linear specific
heat coefficient. The T ∗ data are also shown for a comparison.
shown in this figure. The γ value for SrRuO3 is estimated to
be 30 mJ/K2 mol, which is roughly in agreement with pre-
vious studies.16, 24) It increases with increasing x, and shows
a tendency of saturation to the value of about 80 mJ/K2 mol
for x ≥ 0.3. The large γ values observed in La-doped SrRuO3
reflect the presence of the Ru 4d density of states at Fermi
level, indicative of an itinerant character being involved in the
Ru 4d electrons and a presence of the electronic correlation
effect. We found that the increase in γ coincides with the de-
crease in T ∗ (Fig. 4(b)). It is considered that the increase of γ
is caused by the following possible variations of the electronic
and magnetic state generated by doping La: (i) a suppression
of the splitting of up and down spin bands, (ii) a development
of the electronic correlation effect, and (iii) an enhancement
of the magnetic entropy contribution due to the fluctuating
spins and the FM clustering. Here, we point out that the satu-
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Fig. 5. (Color online) (a) Temperature dependence of the electrical resis-
tivity for Sr1−xLaxRuO3. The inset displays the data for x = 0.1, and the arrow
represents the position of T ∗. The magnitude of the electrical resistivity at 5
K and the effective moment estimated from the Curie-Weiss fitting are also
displayed in (b) and (c), respectively. The broken line in (c) represents the
effective moments calculated on the basis of a simple admixture of Ru4+ and
Ru3+ ions.
rated value of γ is very close to that of the isostructural non-
magnetic metal CaRuO3 (73-82 mJ/K2),24, 38, 39) which has a
similar band structure with SrRuO3.40) This similarity implies
that the La ions hardly change the density of state around
Fermi level and the presence of the mechanism (i).
Figure 5(a) shows the temperature dependence of the elec-
trical resistivity ρ of Sr1−xLaxRuO3 for x ≤ 0.5. The electrical
resistivity of SrRuO3 exhibits a metallic behavior over the en-
tire temperature range and shows a kink at the FM transition
temperature of 161 K. These features are in agreement with
previous measurements performed on polycrystalline sam-
ples.41, 42) The kink anomally at T ∗ in ρ becomes very small
for x = 0.1 (the inset of Fig. 5(a)) and then disappears upon
5
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further doping La. This is consistent with the features of the
specific heat at ∼T ∗. With increasing the La concentration, ρ
increases over the whole temperature range for x ≥ 0.2, and
pronounced upturns develop at low temperature for x ≥ 0.3.
At the same time, ρ at 5 K increases with increasing x (Fig.
5(b)). Although the electrical resistivity is enhanced for x ≥
0.3, the relatively small magnitude of the ρ values, even at
low temperatures, suggests that this system preserves metallic
characteristics up to x = 0.5. In fact, the end material LaRuO3
exhibits a metallic behavior.31, 43) In addition, the sensitive
change in the magnitude of ρ at low temperatures is sugges-
tive of the dominant contribution of the Ru 4d electrons to the
metallic conduction. The increases in ρ at low temperatures
may be due to the grain boundary scattering which is often
seen in the polycrystalline sintered samples. Another possi-
ble origin of the increases in ρ is the random distribution of
cations, which have different valencies and/or electronic cor-
relation effects. Such localization effects are expected to in-
crease the electrical resistivity at low temperatures.44)
A further indication of the itinerant character of the Ru 4d
states can be found in the x variation of the effective moment
for x ≤ 0.5 estimated from the Curie-Weiss fit of the inverse
susceptibilities, which is plotted in Fig. 5(c). Since Sr2+ is
substituted by La3+, the same fraction of Ru4+ is expected to
be substituted by Ru3+ through electron transfer under the as-
sumption that electrons are localized at the ions. The Ru4+ and
Ru3+ ions have effective moments of 2.83 and 1.73 µB, respec-
tively,31) and the calculated effective moment as a function of
x in this assumption is shown as a broken line in Fig. 5(c).
We found that the effective moment obtained from the exper-
iments does not show a monotonous decrease with x, which
thus cannot be explained in terms of the simple ionic config-
urations of Ru4+ and Ru3+. In the itinerant electron model, by
contrast, the Curie constant represents the stiffness of the lon-
gitudinal spin fluctuation and thus may be different from the
prediction from the localized electron model.45)
4. Discussion
We observed relatively large γ values over the entire x
range presently investigated. This indicates that the density of
states around Fermi level is dominated by the Ru 4d states. In
addition, the electrical resistivity also shows a metallic nature,
and the x dependence of the effective moment cannot simply
be understood in terms of the simple localized electron model.
Thus, we naturally expect that the itinerant aspect of the Ru 4d
electrons should be taken into account in order to understand
the magnetism of Sr1−xLaxRuO3. In general, the second-order
FM transition ends at a tricritical point and changes into a
first order transition by controlling external parameters, such
as pressure for clean itinerant ferromagnets.46) This type of
phase diagram has been reported for several itinerant ferro-
magnets, such as ZnZn2 and UGe2, where the FM transi-
tion temperature is monotonously suppressed with increasing
pressure and then shows a rapid drop after passing the tricrit-
ical point.47, 48) On the other hand, the x variation of T ∗ and
the emergence of the cluster-glass state in Sr1−xLaxRuO3 are
clearly incompatible with the above features, and these differ-
ences further indicate that the disorder caused by doping plays
an important role in the magnetic properties in Sr1−xLaxRuO3.
In addition, the significant frequency dependence of T ∗ for
x ≥ 0.3 means that T ∗ is no longer a real phase transition
but rather a gradual freezing. The quantum critical point of
the FM order is thus considered to be absent or smeared by
the substitutions in Sr1−xLaxRuO3. This is consistent with the
fact that a non-Fermi-liquid-like divergence is not observed in
χ′ac, and the electronic contribution in the specific heat shows
a Fermi-liquid temperature dependence at low temperatures
over the entire x range investigated in this study. Here, we
wish to stress that the itinerant character and the spatially in-
homogeneous magnetic order states revealed in the present
system are generally conflicting properties, and the coexis-
tence can be understood neither by a simple itinerant nor by
a simple localized picture of electrons. In this sense, the Ru
4d electrons in this system have a duality of itinerant and lo-
calized natures. Recent investigations for dc-magetization of
Sr1−xCaxRuO3 have also indicated this feature,29) implying a
common mechanism of the FM suppression underlying in Sr-
site substituted SrRuO3. In addition, the photoemission and
optical conductivity measurements have recently revealed that
the duality of itinerant and localized natures appears even in
pure SrRuO3.49, 50)
The δ values estimated from the frequency dependence of
T ∗ indicate that the low temperature ordered phase for x ≥
0.3 can not be realized to a spin-glass but a cluster-glass
state. Furthermore, the present dc-magnetization curves mea-
sured in the field cooled conditions are clearly incompatible
with those expected from the spin-glass system (Fig. 1(a)). It
is generally known that dc-magnetization in the field cooled
condition of canonical spin-glass systems is nearly indepen-
dent of temperature below T ∗.34) In contrast, the continuous
enhancement of the dc-magnetization is frequently observed
below T ∗ in the cluster-glass system,51–54) and it closely re-
sembles the present observations for x ≥ 0.3. In particular,
the overall temperature dependence of the dc-magnetization,
frequency dependences of T ∗ and amplitude χ′ac at T ∗ are
very similar to those of the CeNi1−xCux system.52, 53) Neutron
diffraction experiments revealed that CeNi1−xCux exhibits a
long range FM order at low temperatures for 0.3 ≤ x ≤ 0.6.
The ac-susceptibility shows a peak at much higher tempera-
ture than the onset of the long range FM order, and its fre-
quency dependence suggests a cluster-glass order. No indica-
tion of the long-range FM ordering was detected by macro-
scopic measurements, such as ac-susceptibility and specific
heat. In order to understand this puzzling magnetic proper-
ties, the cluster-percolative scenario is proposed, in which a
crossover from the cluster-glass to FM ordered states occurs.
However, CeNi1−xCux has a more localized character of the
electrons than Sr1−xLaxRuO3, since its magnetism originates
in localized 4 f electrons, and the relatively small Kondo tem-
perature is realized in these alloys.55)
Finally, we discuss the x dependence of Ea and T0 charac-
terizing the cluster-glass properties. Both Ea and T0 are usu-
6
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ally expected to be reduced with increasing x because of the
suppression of the FM correlation by doping La, which likely
leads to shrinkage of the magnetic cluster size as well as an
increase of the inter-cluster distance. In fact, T0 shows a de-
crease with doping La in accord with our expectation. How-
ever, interestingly, Ea is nearly constant with increasing x, in-
dicative of the cluster size being unchanged by x. Recently,
the nature of the cluster size distribution is argued on the basis
of the optimal fluctuation theory combined with the finite size
scaling technique.56) Let us focus on a small region in a sam-
ple where the total number of the Sr and La sites is N, and LRR
is its linear size. For a given x value, the probability that the
small region contains the NLa number of La atoms is given by
the binomial distribution P(NLa) =
(
N
NLa
)
xNLa (1−x)N−NLa . Here,
we assume that the small region becomes a magnetically or-
dered state when its local La concentration xloc = NLa/N is
smaller than the threshold value xc(LRR). It was actually ar-
gued that such a local order can be stabilized by the over-
damped cluster dynamics.57, 58) According to the finite size
scaling, the functional form of xc(LRR) is given by xc(LRR) =
x0c − DL
−φ
RR, where x
0
c is the critical concentration for the bulk
system, D is a constant, and φ is the finite-size shift expo-
nent. This equation implies the presence of a lower limit of
the cluster size given by Lmin = (D/x0c)−φ. The magnetization
value can be estimated from simple integration of all of the re-
gions that show local magnetic order, and the magnetization
is dominated by the minimum size clusters for the large x re-
gion.56) In this senario, therefore, the x independent Ea values
observed for x ≥ 0.3 could be related to the activation energy
of the minimum size clusters.
Though above discussions have been made, further ex-
perimental studies using microscopic probes, such as µSR
and neutron scattering experiments, are necessary to have a
comprehensive understanding of the magnetic properties of
Sr1−xLaxRuO3, and these microscopic measurements are now
in progress.
5. Conclusions
We have performed dc-magnetization, ac-susceptibility,
specific heat, and electrical resistivity measurements on
Sr1−xLaxRuO3 in order to investigate its magnetic and elec-
tronic properties. We found that the FM ordered state is
strongly suppressed by La substitution. Furthermore, the on-
set of FM order, determined by the peak in χ′ac, shows a sig-
nificant frequency dependence for x ≥ 0.3. The estimated ini-
tial frequency shifts δ are comparable to those of cluster-glass
systems. The frequency dependence of T ∗ is well reproduced
by the Vogel-Fulcher law, and precise analyses revealed that
the activation energy Ea of the FM clusters does not show a
significant change by x, while the Vogel-Fulcher temperature
T0 is reduced. The former indicates that the cluster size is
nearly independent of x.
The linear specific heat coefficient γ increases accompany-
ing the suppression of magnetic order. The relatively large γ
values are ascribed to a presence of the Ru 4d states at Fermi
level. Although the electrical resistivity shows pronounced in-
creases at low temperatures for x ≥ 0.3, small electrical re-
sistivity values, even at low temperatures, reflect a metallic
nature of the electrons in these compounds. We also found
that the x variation of the effective moment estimated from
the Curie-Weiss fit cannot be understood in terms of a sim-
ple configuration of Ru ions where the 4d electrons are lo-
calized at Ru ions. These results suggest that the magnetism
of Sr1−xLaxRuO3 is attributed to the itinerant characteristics
of the Ru 4d electrons. The coexistence of the itinerant char-
acter and the significant spatial inhomogeneity yielding the
cluster-glass behavior can be understood neither by a simple
itinerant picture nor by a simple localized picture of the Ru 4d
electrons. It is challenging to resolve this puzzling issue, and
thus, further experimental and theoretical studies are needed.
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